The specific growth rates of Escherichia coli and Bacillus cereus were measured for growth media in a flask, a lens-plate arrangement simulating an isolated capillary space, and a lens-plate arrangement under hydrostatic tensile stress. The specific growth rates of the bacteria were the same for the flask and lensplate arrangement without hydrostatic tensile stress, but were enhanced when the growth media were subjected to hydrostatic tensile stress. The enhanced specific growth rates reached steady values at a tensile stress of 40 pascals. The effect was observed up to tensile stresses of around 100 pascals. The maximum increase in specific growth rate was 25% for E. coli and 22% for B. cereus.
The specific growth rates of Escherichia coli and Bacillus cereus were measured for growth media in a flask, a lens-plate arrangement simulating an isolated capillary space, and a lens-plate arrangement under hydrostatic tensile stress. The specific growth rates of the bacteria were the same for the flask and lensplate arrangement without hydrostatic tensile stress, but were enhanced when the growth media were subjected to hydrostatic tensile stress. The enhanced specific growth rates reached steady values at a tensile stress of 40 pascals. The effect was observed up to tensile stresses of around 100 pascals. The maximum increase in specific growth rate was 25% for E. coli and 22% for B. cereus.
Hydrostatic tensile stress exists in a liquid when forces are applied that act to increase the average intermolecular or interatomic distance. The reaction to this statistically increased separation from the equilibrium distance is an increase in attraction or cohesive pressure between the atoms or molecules. This condition is sometimes referred to as negative pressure in the literature. Many reports in the literature dating back to the middle of the 19th century have demonstrated methods of producing tensile stress in a variety of liquids (1, 4, 19) . Liquids in this metastable state are found in isolated capillaries (Fig. 1) . Although long part of classical capillary theory, direct measurements of tensile stresses within isolated capillaries has only been accomplished recently by laser interferometry (2) . Light-scattering experiments reported by Olivei (8) showed an increased vacancy concentration within liquids in an isolated capillary. Shereshefsky has reported abnormally low vapor pressure for several liquids in micron-size isolated capillaries (10) . Measurements of the tensile strength of liquid bridges has also been found to support isolated capillary theory (6, 7) . In summary, the basic physical properties of liquids have been shown to be affected by tensile stress. This is a report on the observed increase in the growth rate of bacteria in cultures under hydrostatic tensile stresses of up to 100 pascals.
MATERIALS AND METHODS
Escherichia coli (human isolate, strain P) and Bacillus cereus (strain 21) were used separately in growth experiments under hydrostatic tensile stress. The bacteria were used to inoculate a flask containing 25 ml of Trypticase soy broth (Baltimore Biological Laboratory, Cockeysville, Md.). Growth curves of each bacterium were obtained, and the period of logarithmic growth for each was determined. For growth experiments under tensile stress, the bacteria were used while they were in their logarithmic phase of growth.
For E. coli the cell concentration was measured at 4 h after inoculation and was recorded as BO. For B. cereus the corresponding time was 2 h after inoculation. A 0.4-ml quantity of the broth was then immediately placed between a spherical lens (radius, 17.9 cm) and a glass plate to form a liquid bridge (Fig. 2) . The lens was subjected to a tensile force, T, by means of a torsion balance, the culture was allowed to grow for 2 h at 370C, and the final cell concentration, BT, was determined. A concurrent control was run each time with a duplicate lens-plate arrangement without the application of hydrostatic tension, giving a cell concentration value, Bc, at the end of 2 h. The cell concentration of the original flask at the end of 2 h was also measured and recorded as BF. This was repeated with fresh samples at randomized tensile force values.
Cell concentrations were determined by the PetroffHausser chamber counting method and the viablecolony-forming unit counting method with a spiral plater (Spiral Systems Marketing, Gaithersburg, Md.).
For the initial cell concentration determination, the samples were subjected to sonic treatment for 10 s (Branson Sonic Power, Dunburg, Conn.) before being used for counting. The cultures under the lens-plate arrangements were diluted with 4 ml of reduced transport fluid (11) and subjected to sonic treatment for 10 s. All bacteria existed in singular units after sonic treatment, which was confirmed by optical microscopy.
The specific growth rate, kT, of the culture under hydrostatic tensile stress, P, is calculated as: kT = In (BT/Bo)/t (equation 1), where t is 120 min. The hydrostatic tensile stress, P, is P = TIA (equation 2), where T is the applied tensile force and A = 'Ts2 is the cross-sectional area of the liquid bridge.
The specific growth rate, kc, of the control experiment under the lens-plate arrangement without applied tensile stress is calculated as kc = ln(Bc/Bo)/t (equation 3), and the specific growth rate, kF, of the inoculated sample in the flask is kF = ln(BF/Bo)/t (equation 4).
The increase in specific growth rate of bacteria due to hydrostatic tensile stress is expressed as Ak: Ak = kT -kc (equation 5).
RESULTS AND DISCUSSION For E. coli the average specific growth rates for the flask, kF, and control, kc, were both 0.021 min-', indicating that the lens-plate arrangement did not affect the growth rate of the culture. The value of kT, however, was found to increase with applied force. Figure 3 shows the relation between the increase in specific growth rate, Ak, and the applied tensile stress, P.
The following expression was found to fit the data: Ak = Akmax (1 -e-aP) (equation 6 sile stress of around 40 pascals, the specific growth rate is not changed by a further increase. The maximum increase in specific growth rate represents a 25% change, which is considerable. The effect of hydrostatic tensile stress on the specific growth rate of E. coli was not permanent. On removal of the tensile stress, the growth rate returned to the same value as when no hydrostatic tensile stress was applied. This reversible phenomenon was observed for E. coli previously subjected to tensile stress as high as 91 pascals.
Experiments using B. cereus also showed an increase in specific growth rate with increased tensile stress (Fig. 4) for the viable-colony-forming counting method. The maximum increase in specific growth rate is 22%. The curves also showed that the specific growth rates reached a plateau of around 40 pascals as in the case of E. coli. The average value for kc and kF for B. cereus is 0.032 min-'.
These data indicate a significant increase in specific growth rate when hydrostatic tensile stress was applied to the two bacteria tested. The shape of the curve is similar to those seen for specific growth rate as a function of a limiting nutrient or oxygen concentration. A possible explanation is the change in concentration of vacancies or Frenkel holes in liquids as a function of hydrostatic pressure (3). As negative stress is applied to the liquid, the energy of the liquid is increased by the increase in hole concentration, just as hole concentration is decreased by positive pressure. Because solubility and diffusion through a liquid are functions of the hole concentration of the solvent (5), an increase in hole concentration would increase nutrient and oxygen supply to the bacteria up to the limiting concentration. Another possible factor is that a negative hydrostatic pressure would increase the rate at which low-molecular-volume nutrients are converted to high-molecular-volume products by the bacteria because work is required. Further research is required to test these theories.
